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In this work, a three-point spatial phase shifting (SPS) method is implemented for chasing of the moving
interference fringes in the homodyne laser Doppler vibrometry (HoLDV). By the use of SPS method, we
remove disability of the HoLDV in the discrimination of the motion direction for long-range displace-
ments. From the phase increments histogram, phase unwrapping tolerance value is selected, and ade-

quacy of the data acquisition rate and required bandwidth limit are determined. Also in this paper, a
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detailed investigation on the effect of detectors positioning errors and influence of the Gaussian profile
of the interfering beams on the measurements are presented. Performance of the method is verified by
measuring a given harmonic vibration produced by a loudspeaker. Also, by the proposed method, vibra-
tion of mounting system of a disk laser gain medium is characterized.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Vibrometry has a special significance in the science and engi-
neering studies. One of the usual optical vibrometry methods is
the Homodyne Laser Doppler Vibrometry (HoLDV) [1]. This
method employs a two-beam interferometer in which one of the
beams is reflected by the vibrating object. In this method, a fringe
pattern with a large period is produced and a time-dependent
intensity signal is accumulated by a point intensity detector. By
changing optical path difference of the interferometer’s arms in
an interval larger than a quarter of the interfering beams’ wave-
length, the absolute values of the detectable minimum and maxi-
mum intensities are determined. At the equilibrium position of
the object, the optical path difference of the interferometer’s arms
is tuned in such a way the detected signal is the mean value of the
absolute minimum and maximum intensities. In this point, known
as the quadrature point, the intensity variation due to the object
motion is maximum. For small enough values of the object dis-
placements, and at the vicinity of the quadrature point, the
response function of the system, defined as the detected intensity
against displacement, is linear. For the vibrations with very small

* Corresponding author at: Department of Physics, Institute for Advanced Studies
in Basic Sciences (IASBS), No. 444, Prof. Yousef Sobouti Blvd., P. O. Box 45195-1159,
Zanjan 45137-66731, Iran.

E-mail address: rasouli@iasbs.ac.ir (S. Rasouli).

https://doi.org/10.1016/j.optlastec.2018.01.056
0030-3992/© 2018 Elsevier Ltd. All rights reserved.

values of the amplitudes compared to the interfering beams’ wave-
length, the intensity signal yields all of the necessary data for the
reconstruction of the motion.

In the conventional HoLDV, by increasing the displacement
value, the response function of the system gets a sinusoidal form.
For a given motion with a maximum displacement larger than a
quarter of the wavelength of the interfering beams, after the
moment that the detected signal experiences one of the extremum
values, determination of the displacement direction is not possible.
In other words, in this case, the signal trend does not reflect the
direction of the motion and it leads to an ambiguity in the motion
reconstruction.

A well-known method for removing the mentioned ambiguity is
the use of the heterodyne LDV technique [2]. In this technique a
fixed high frequency-shift is applied between the interfering
beams, with an order of tens of MHz. Therefore, a fixed-
frequency beating is produced even with a non-moving object. Dis-
placement of the object, changes the frequency of the beating. The
direction of the displacement is discriminated by the sign of beat-
ing frequency change. In this technique, as the beating rates are
very high, analog frequency demodulation techniques should be
used to extract the vibration characteristics. Another method
named pseudo-heterodyne was also used to produce high fre-
quency beating by changing the wavelength of the reference beam
[3,4], or by a gradually increasing/decreasing of the reference arm’s
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length [5]. Comparing to the HoLDV, implementation of these
methods needs more complicated equipment.

It is worth mentioning that by employing quadrature fringe
detection method in HoLDV setup, it is possible to overcome to
the above-mentioned disability of the HoLDV for discrimination
of the motion direction [6-8]. This method can be utilized by using
a double polarized laser, a proper combination of polarization
beam splitters and quarter-wave plates, and an additional detector
in the HoLDV setup. Homodyne interferometry with quadrature
fringe detection provides two quadrature signals from the same
output source, where their values retrieve the direction of motion
and instantaneous position of the vibrating object. The quadrature
detection of a Doppler signal has also drawbacks and needs addi-
tional hardware, such as a fully stable double polarized laser.

In this work, by the aid of fringe chasing we present a method to
determine the direction of motion by HoLDV setup. In comparing
with the quadrature fringe detection method, our HoLDV setup is
simple and there is no need to the fully stable double polarized
laser beam and other additional hardware. For the fringe chasing,
we implement a three-point spatial phase shifting (SPS) method
and we measure instantaneously the phase of fringe pattern. By
this kind of homodyne detection, large-amplitude motions can be
easily investigated. In addition, we will show that by the aid of
the three-point fringe chasing method, despite of the conventional
HoLDV, it is not necessary to tune the system on the quadrature
point.

It should be noted that the chasing of the fringes motion can be
done by inspection of the successive frames of a movie that is
taken from the fringe pattern during the object vibration. Also this
can be done by a linear array sensor. In these cases, the sampling
rate is decreased due to the low frame/line rates of the recording
systems in comparing to the case of three point-detectors. In addi-
tion, for high frame/line rates typically over than a 10 kHz rate,
these instruments are expensive, volume of the data is huge, and
the data transferring processes are time-consuming. On the other
hand, for an interference pattern with a sinusoidal profile and
known spatial period, knowing the intensities of only three points
over a period is enough to calculate the pattern phase. Therefore,
apparently the additional data supplied by the 2D or linear array
sensors limit the sampling rate. The use of three-point detection
remarkably increases sampling rate with respect to the mentioned
sensors. For this reason, the proposed three point-detector can be
easily extended to the ultrasound regime.

It worth mentioning that, already the N-point SPS method has
been used for the detection and compensation of the environmen-
tal vibrational noise but the vibration characteristics has not been
investigated [9]. Also, in two other works, two different arrange-
ments of the two-point SPS method [10,11], were proposed for
the reconstruction of the motion. These arrangements can be only
applied when the visibility of fringes is very close to one. Therefore,
this condition is not always satisfied. In another work, a similar for-
mulation has also been used to analyze the 2D vibrational modes
and the resonant frequencies of a flat speaker [12], where the
amplitude of the vibration has been measured, but the temporal
behavior has not been recorded.

As the measured phase obtained by implementing SPS method
on a HoLDV has a wrapped form, using the phase increments his-
togram, we present a simple way for selection of the phase
unwrapping “tolerance value”. Also, the adequacy of the data
acquisition rate and required bandwidth limit are determined from
the resulted phase increments histogram of the motion. As the
positioning of the detectors at the desired positions accompanies
with error, in this work we also present an investigation on the
effect of detectors positioning errors on the measurements. Also,
the influence of the Gaussian profile of the interfering beams on
the results is investigated.

Reliability of the proposed method is examined by simulations
of a motion with a constant velocity and a harmonic vibration.
Finally, we use the method for detection of vibrations of the
mechanical mounting of a thin disk laser gain medium. In the fol-
lowing, formulation of the SPS method in a general form is
presented.

2. Homodyne LDV

The HoLDV is based on the two-beam interferometry where one
of the beams carries the vibrational information of a single point
on the vibrating object via Doppler shift in its wavelength. For a
better understanding of the results of the present work, here a brief
review on the HoLDV is presented.

For a Michelson type interferometer, the normalized instanta-
neous intensity is of the form

I(t) = 1+ V cos(2KAL(t)), (1)

where k = 27/2, is the wavenumber of the reference or probe beam,
and AL(t) is the optical path difference (OPD) of the interferometer
arms. V is a parameter that specifies contrast of the temporal signal.
The OPD can be separated into two parts; the mean OPD, AL, and a
time-varying part corresponding to the vibration, X(t).

For a harmonic vibration X(t) = Acos(Qt) with an angular fre-
quency of Q and an amplitude of A, the signal of Eq. (1), can be
written as

I(t) =1 + V cos ¢ cos[2kA cos(Qt)] — V sin ¢ sin[2kA cos(Qt)],  (2)

where ¢ = 2kAL, is the phase difference between the beams at the
equilibrium position of the object. Using the real-valued forms of
Jacobi-Anger identities [13]

cos(xcos0) = Jo(x) + Zi(—l)”jz,l(x) cos(2n0),
n=1

x 3)
sin(xcos 0) = -2 (=1)",, ;(x) cos[(2n — 1)6],
=1

n

where J,(x) is the first kind Bessel function of order n, Eq. (2) can be
rewritten as

3

1()1+V{]0 2kA) + Z

g

n=1

1)",, (2kA) cos(Zth)} cos ¢

3

)" on_1(2kA) cos[(2n — l)Qt]} sin ¢. (4)

Eq. (4) yields the coefficients of the Fourier series expansion of
the HoLDV signal. This means that, despite of the pure harmonic
oscillation of the object at a single frequency, there are many
higher harmonics in the spectrum of the signal. Higher the ampli-
tude, higher the order of Bessel functions with a noticeable contri-
bution. The contributions of the odd or even harmonics are
governed by the parameter ¢. For a special case of ¢ = mm with
m an integer number, the main vibration frequency will be absent
in the spectrum!

At the vicinity of the quadrature points where ¢ = mn + /2
(depicted by a dark dot in the Fig. 1), the sensitivity of the detected
intensity to the displacement of the vibrating object is maximum.
For an enough small vibration amplitude, the response function of
the LDV system will be approximately linear. So, this technique is
mostly used in the detection of the ultrasonic waves that the
amplitude of vibration is generally limited to around few tens of
nanometer or less [14].

In Fig. 1 a typical sinusoidal vibration of an object and its sim-
ulated HoLDV signals are plotted. According to the figure, each of
two adjacent regions where the intensity variation is slow,
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Fig. 1. A typical sinusoidal vibration of an object with a frequency of f = 10 Hz
(blue) and corresponding simulated HoLDV normalized signals (red) for vibration
amplitudes of 104 (solid), 4/8 (dashed), and /16 (dashed-dotted). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. (a) Illustration of three typical long-range motions, and (b) their corre-
sponding identical HoLDV signal. Plot in (b) shows that the signal is insensitive to
the change of the direction of motion.

depicted by two vertical dashed lines, are correspond to two oppo-
site extremums of the vibration, so the time interval between them
is a half of the vibration period. There are 40 fringes within the
time interval, that means 40 x 1/2 = 201 peak-to-valley (PV) of
the vibration.

For a harmonic vibration with a large value of amplitude, the
frequency and amplitude of the vibration can be extracted by
fringe counting of the signal, Fig. 1. But, for non-harmonic and ran-
dom vibrations with large fluctuations, as the motion is not pre-
dictable and because of the non-monotonic nature of the cosine
function in Eq. (1), the interpretation of the detected signal is not
straightforward. In Fig. 2, the degeneracy of the HoLDV signal for
three different motions are illustrated, where all of the three
depicted motion waveforms in (a) produce a same signal as shown
in (b).

3. Fringe chasing

We consider that the light source sends a plane monochromatic
wave into a Michelson’s interferometer, and on the observation
plane the propagation directions of the reflected beams from the
mirrors get an angle 0 with each other. Two reflected beams inter-
fere and the resulted intensity pattern can be written as

I(x,t) =1 + I, +2+/ 1], cos {(Zk)xsin <§) - Awt}, (5)

where I; and I, are the intensity of the beams, k = (k1 +k2)/2 is the
average of the wave-numbers k; and k; of the interfering beams,

Aw = w,; — w; is the angular frequency difference of the beams
caused by the motion of the object, and x shows the direction per-
pendicular to the bisector of the beams propagation directions. The
period of the resulted fringes in the x-direction, A, and time-
dependent phase, ®(t), are

A

A= ez 0O = Awt=2mAw, (6)

respectively, where /1 = 27/k. The time dependency of the phase in
Eq. (5) means that the pattern is moving with a velocity
u; = Aw/2ksin(0/2). With u,, as the velocity of the moving object,
the Doppler shift is Aw = wo2u,/c. Considering uy = dX;/dt and
um = dXn/dt, where X; is the position of an arbitrary point of the
fringe pattern along the x -axis, and X, is the out-of-plane displace-
ment of the vibrating object, after a time integration of u,, we have

X = sin(0/2)X; + Xo. (7)

This is a linear function that relates the location of a special
point in fringe pattern to the out-of-plane position of the object.
The value of X, depends on the position of the selected point on
the fringe pattern. Here only the relative displacement of the
vibrating object is desired, then X, can be ignored. Eq. (7) shows
the linear dependence of the fringe position on the object position
with the magnification factor of 1/sin(0/2).

There is two distinct ways for chasing the fringe pattern; to
measure the displacement of a specific point of the fringe pattern
with respect to a fixed point in the lab frame that we call it direct
chasing, or to measure the phase of fringe pattern at a fixed point
in the lab frame. We name the latter one as the indirect chasing. In
the indirect-chasing method, by the measurement of the phase

®(t) of the sinusoidal fringe pattern at a given point in the lab
frame we calculate X; by

(0]
Xf = ﬁA‘ (8)

In the next section, determination of the time dependency of
the fringe’s phase, ®(t), at a given point by SPS method, and conse-
quently the fringe displacement is presented.

4. Spatial phase shifting

There are a variety of N-Point (N > 3) algorithms that can be
used in the detection of the phase of a fringe pattern having a sinu-
soidal profile [15]. In this work by knowing value of the spatial per-
iod of the fringe pattern, A, we use the 120° three-point method. In
practice we install the detectors at equal distances as possible as,
then by tilting the reference mirror of the interferometer the
desired A is achieved. Tuning of the A and positioning of the detec-
tors accompany with some errors which lead to an error in the
reconstructed waveform of the motion.

It worth noting that to overcome the error of matching the
fringe pattern period to the distances between the detectors, one
can use Carré algorithm with 4 detectors [16]. In the Carré algo-
rithm, the error on the reconstructed motion due to the unequal
spacing of the detectors is still present.

Because of some practical limitations, such as large dimensions
of the detectors and limited lateral size of the interfering beams, it
is preferred to use less number of detectors. Therefore, for easier
installing and also reducing the volume of the data, here we use
120° three-point algorithm. Furthermore, the acceptable range of
the tuning errors will be determined by simulation of the effect
of these errors on the reconstructed motion.

Now we present the three-point SPS algorithm for the fringe
phase calculation. One can rewrite Eq. (5) in the following general
form:
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I(x,t) =a+ bcos (2%)(+d)(t)>, (9)
where a and b determine the visibility of the fringe pattern. For
determining unknown ®(t) of a given fringe pattern, as there are
two other unknown parameters a and b we need to know the inten-
sity values at least for three points. Typical two-beam interference
pattern and locations of the three detectors are shown in Fig. 3.

If A is divided into N equal sections (three sections as in Fig. 3),
from Eq. (9)the intensity at the start point of the nth section can be
written as

I, =a+bcos (%XO cos(®) — bsin (2%)(,1) sin(®), (10)

where it is assumed that the first section begins from the maximum
intensity on the pattern. Multiplying both sides by cos(2mx,/A) and
then by an average over all possible n values we have

ZI cos ( ) Zcos ( ) + = cos(® Zcos (—xn)
sm Zsm < ) cos (2%)(,,) (11)

By considering the fact that the odd sentences of sine and cosine
functions over a full period is zero, the relation will be

N 2n b
;In cos (TX"> =5 cos(®). (12)

Similarly, after multiplying by sin(27x,/A) and then averaging
we have

ZN I si 27
" A "
n=1

Dividing both sides of last two equations, the phase of the fringe
pattern at a given time is determined by

ol sin (2x,)
SN I cos (2 “x,,)] (14

) - ,g sin(®). (13)

® = tan™!

In the case of three-point SPS, the locations are x; = 0, x, = A/3,
and x; = 2A/3, respectively, so the resulted phase of the fringe pat-
tern will be

| ILisin(0) + I, sin (&) + I3 sin (%)
(I)3—point = tan - 27 4n
| T1cos(0) + 1z cos (%) + 15 cos ()
g L-h }
=tan' |[V3— 2% | 15
I 211 — (12 + 13) ( )
For 4-point phase shift, similarly we have
[ +1
q)4—point = tarr‘ 2 4 . (16)
L h—I

I
-A -2A13 -A/3 0 Af3 2A13 A

Fig. 3. Typical two-beam interference pattern and detectors’ relative positions for
the implementation of three-point SPS method.

As is apparent, removing of the above-mentioned ambiguity in
the motion direction determination, is due to the monotonic nat-
ure of the arctangent function of Eq. (14).

Here, the lateral size of the field of view is larger than to 2A/3 to
cover all detectors. For a displacement of the object larger than /2,
one full period of fringe pattern moves away from the field of view.
In such a case, a 7w jump (up or down depending on the direction of
the motion) appears on the calculated phase. These jumps should
be “unwrapped” to yield the actual phase.

5. Simulation of two simple motions
In following, simulation of two simple motions is presented.
5.1. A motion with constant velocity

For a typical linear motion of an object with a constant velocity,
according to Eq. (1), each detector records a cosine signal with a DC
level (Fig. 4). The frequency of the signal is proportional to the
velocity of the object. All detectors experience same signal, but
with a 27/3 phase delay between the successive detectors. The
resulted phase is straight line versus time, that experiences wraps
at ® = +(2m + 1)7/2. Differentiating Eq. (8) and substituting rele-
vant parameters, shows that the slope of ®(t) is a constant value

(I):zxn f:zxnmum:%[um = o = constant. (17)

This relation also discloses the dependency of the rate of the
pattern phase change to the probe beam wavelength. According
to Eq. (17), smaller wavelength leads to more rapid phase change,
although as shown by Eq. (7), the fringe motion velocity is indepen-
dent of the probe beam wavelength. By unwrapping the phase
depicted in Fig. 4, the expected linear curve with a constant slope
angle is obtained. In Fig. 4, the constant speed of the linear motion
is 1 mm/s and the probe beam wavelength is 632.8nm. Phase drops
occur at times that the denominator of Eq. (15) is zero and then
® = +(2m + 1)m/2. Temporal contrast of the signals is considered
to be V =1 and sampling rate is f, = 1 MS/s.

From Eq. (17), for equal and constant sampling time interval of
the signals (At = 1/f; = const.), one can expect that for the velocity
of +u,, the phase increment at each time step is
ADE = DAt = +47u, /if, except in the vicinity of the discontinu-
ities, where the phase increment is A®; ~ Fm. In fact, the phase
increments are populated around two distinct values of A®} and
A®;, (Fig. 5). Useful information about the motion can also be
extracted from the histogram of these phase increments. For the

’_1 —1, 2

0.8
I (t) %
-mi2
A

Tlme (ms)

=
P (rad)

Fig. 4. Simulated three-point SPS intensity signals (Blue, pink and yellow) for a
linear motion with a constant velocity of u, =1mm/s and corresponding
calculated phase of the moving pattern (red). The probe beam wavelength is
4 =632.8 nm. Phase delay between two adjacent detectors is 2m/3 rad. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 5. Phase increment histograms for a linear motion with a constant velocity and
probe beam wavelength of / = 632.8 nm. Velocity u,, and sampling rate f are: (a)
1 mm/s and 1.0 MS/s, (b) 1 mm/s and 0.1 MS/s, (c) —1 mmy/s and 1.0 MS/s, and (d)
—1 mm/s and 0.1 MS/s, respectively.

data of Fig. 4, corresponding histograms in 1ms time duration, for
two different sampling rates, and two opposite directions of
motion are shown in Fig. 5. Population of A®; depends on the data
acquisition rate where its value is 93 for 0.1 MS/s and is 993 for 1.0
MS/s, at the time, the population of A®, is 6 for both of the sam-
pling rates. A®, corresponds to the net number of half-fringes
move away from the field of view. This means that more than 6
half-periods of interference pattern (and less than 7), moved away
from the field of view of the three point-detectors. This is equiva-
lent to the well-known fringe counting method. For more precise
estimation of the displacement, the value and population of Ad;
should also be considered. After unwrapping process, the popula-
tions of A®; will be added to the A®; and the phase increments
will be equal in all time steps.

5.2. Harmonic vibration

In the harmonic vibration of the object, especially for large val-
ues of the amplitude, chirped sinusoidal signals are detected as
shown in Fig. 1. During a cycle of vibration, two chirped periods
appear. Each chirped period contains both of positive and negative
chirps with a mirror symmetry on the signal. Number of intensity
oscillations in a chirped period depends on the amplitude of the
vibration. Despite of the previous example where the calculated
phase was straight lines between the jumps, here it is expected
that the calculated phase to be a piece of a cosine function between
successive phase jumps, which after unwrapping, reproduces the

harmonic motion. In Fig. 6 detection of a typical harmonic motion
VIYYYY Y S ——=OLTy
\’</ N\ >\ —1,—1, 717
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Fig. 6. (a) Illustration of the chirped signals corresponding to a harmonic vibration
of the object with an amplitude equals to the probe beam wavelength and
frequency of 10 Hz, (b) calculated phase, and (c) the reconstructed displacement of
the object. In the calculations a sampling rate of 1.0 MS/s is considered.
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Fig. 7. Phase increments histogram for a harmonic motion of Fig. 6. The inset shows
the central populated region in an enlarged view.

by a three-point SPS is illustrated. Like the case of linear motion,
phase discontinuities appear at the points where Eq. (15) diverges.

Here again the object displacement can be determined from the
histogram of A® (Fig. 7). Because of bi-directionality of the motion,
there are two populated regions in the vicinities of A®; = +7 and
A®; = —m, and two highly populated regions A®; and A®; located
very close to each other, almost symmetrically around zero (the
inset of the Fig. 7). Equality of the populations around +7 values
reflects that the net displacement is almost zero. More precise
value of the displacement can be determined by considering the
contributions of the A®;. The population of 8 for A®; indicates
that there are 8/2 =4 fringes between two extremums, so the
object displacement between the extremums is 4 x /2 = 2/, and
then, the amplitude of the vibration is A = 4.

Any unbalanced populations for the positive and negative areas,
can be interpreted as a net displacement of the object during the
sampling time interval.

In both of examples stated in this section, as the sampling rates
were high enough, the phase increments histograms have wide un-
populated regions between the central and side lobes. The unwrap-
ping tolerance value should be selected within these un-populated
regions. This requirement will be more important in actual cases
with limited acquisition rate.

6. Implementation issues

In this section, some implementation issues consisting of the
detectors positioning errors, effect of the Gaussian profile of the
interfering beams, and sampling rate on the measurements are
presented.

6.1. Effect of positioning errors

Here we investigate the effect of the detectors positioning
errors on the results. As a given motion of the object can often
be decomposed to Fourier components; in the following we con-
sider a harmonic motion in three-point SPS method.

Any error in the positioning of the detectors causes erroneous
relative phase delays. In this case, the reconstructed waveform of
the motion will be distorted. Meanwhile, because of the repetitive
nature of the process, the repetition rate of the reconstructed
waveform is equal to the vibration frequency. We assume that
the detector D, is located at the origin (Fig. 3), therefore in the cal-
culation of the distortion, it is enough to consider only positioning
errors of D, and D5 detectors. This error analysis also will cover the
fringe period tuning error. A typical waveform distortion and
related spectrum for non-accurate positioning of D, is illustrated
in Fig. 8. Reconstructed waveform distortion has an additive
chirped oscillation term (red' plot of Fig. 8a). Due to the chirped

! For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
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Fig. 8. A Typical sinusoidal motion with a distortion caused by a given error on the
position of D,, Ay, = 0.15A and (b) spectrum of the distortion. Here, misplacement
of D, is A/6, THD = 8.55 x 1074 and PV/A ~ 1.7%. In (a) data during 2 periods and in
(b) corresponding spectrum of 100 periods of the object vibration are shown,
respectively.
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Fig. 9. Effect of the detectors positioning error (in the range of £0.15A) on PV/A (a)
and THD (b) parameters.
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nature of the distortion, higher harmonics will appear in its spectrum
(Fig. 8b). Any change on the magnitude of the positioning error,
causes changes on the chirping and corresponding spectrum.

To quantify the effect of the errors on the of reconstructed
waveform distortion, we express the amount of distortion by two
parameters; one is the ratio of the Peak to Valley of the distortion
to the amplitude of vibration (PV/A) and another one is the Total
Harmonic Distortion (THD) parameter. Here, THD is defined as
the ratio of the power of all higher harmonics to the power of
the measured waveform [17]. According to the Parseval’s theorem
[13], one can calculate the sum of the square of the distortion data,
instead of integrating over the spectrum of the data, so

nm:zpwjxmf/gygﬂ

where X,p;; and Xp.; are the actual and reconstructed values of the
position at ith sample. Summations are done over all of the samples
during one complete cycle of the vibration. Because of the repetitive
nature of the distortion, considering more cycles will not change the
result. In Fig. 9, the calculated values of PV/A and THD for different
values of D, and D3 positioning errors are shown. For experimen-
tally achievable values of Ax,, Ax; = 4+A/10, according to Fig. 9,
PV/A =0.02, and THD = 10~%, which means that the method is very
tolerant to the detectors positioning errors.

(18)

6.2. Influence of the Gaussian profile of the beams

The finite dimension of the interfering beams and their com-
monly Gaussian intensity profiles affect the desired sinusoidal
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Fig. 10. Fringe patterns produced by interfering of two (a) plane beams with constant profiles, (b) Gaussian beams with a same 4 cm waists, and (c) their corresponding
intensity profiles. (d) Three detectors’ data during two periods of the vibration for a case of finite beams and (e) the reconstructed waveform with the unwanted distortion is

shown by the red plot.
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intensity profile of the resulting fringes. This means that the peak
intensity and even fringe period are not constant everywhere on
the pattern. For a given value of the probe beam waist w = 4 cm,
the effect of this phenomenon is illustrated in Fig. 10 and com-
pared with the ideal situation. Here A = 1/ and the ratio of fringe
spacing to the beam waist is A/w ~ 0.4. Normalized peak to valley
of the distortion is calculated about PV/A ~ 1.5%. If the detectors
are installed more distant from the pattern center, the distortion
will be larger.

6.3. Sampling rate remarks

In the simulated examples of Section 5, due to large number of
samples in each of the signals, the motions were reconstructed
with negligible errors. In practice due to the instrumental limits,
data acquisition rate is limited, that may affect the accuracy of
the waveform reconstruction. We know that for the case of an
accelerated motion, there are a large number of higher harmonics
in the Fourier spectrum of the corresponding signal. Let us esti-
mate the reconstruction precision by considering the maximum
possible sampling rate of the recording system and data storage
capacity. Minimum permissible sampling rate is governed by the
maximum velocity of the object. In a harmonic vibration, maxi-
mum value of the velocity is . = AQ, so the maximum beating
frequency is fj . =2AQ/A. As the Nyquist's frequency is
fn = 2fpma the sampling rate should be f; > 4AQ/ 4. In Fig. 11, his-
togram of the phase increments for different values of f, are

shown. The vibration amplitude and frequency are A = 104 and
f =100 Hz, respectively, so with 1 = 632.8 nm the Nyquist’s fre-
quency is fy = 25 kHz. For low sampling rates the populated areas
will be broadened and the width of the un-populated areas will be
decreased. In an extreme case of the fully-populated histogram, the
reconstruction is impossible.

7. Experimental works

We have verified the proposed method by measuring the vibra-
tion of a loudspeaker which was driven with a harmonic function
generator.

In Fig. 12 a schematic diagram of the experimental setup is
shown. A Michelson interferometer is installed in which the object
beam is reflected from a mirror-like part of the loudspeaker. A
He-Ne laser with a wavelength of /. = 632.8 nm feeds the interfer-
ometer. Interference pattern of the reference and object beams is
magnified and guided, by the aid of a lens and three steering
mirrors onto three point-detectors (reversely biased DET10A,
Thorlabs). Spatial period of the vertical fringe pattern is tuned by
tilting mirror M1 to be about 5 cm at the detectors. The detectors
are installed in which their phase delays were 27/3 rad.

The bandwidth of the measuring system should be high enough
in comparison to the highest repetition rate of the chirped signals.
The magnitude of the termination resistor Ry, which converts the
current signal of a detector to a voltage signal, determines the sig-
nal strength of the signal. On the other hand the Ry value governs
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Fig. 11. The histograms of the phase increments at different values of sampling rate, from 1fy to 50fy. The vibration amplitude and frequency respectively are A = 104,

f =100Hz, and with Z = 632.8 nm, fy = 25 kHz.
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Fig. 12. Optical setup for the implementation of the three-point SPS method. Two lenses L1 and L2 with the pin-hole are used as spatial filter to produce plane wave. The lens
L3 is for focusing the beam on the vibrating surface of the object under test. The lens L4 is for expansion of the fringe pattern. BS is a beam splitter. M1-M6 are HR flat mirrors,
which the last 3 mirrors can be used -by angle adjustment- to phase shift tuning. Tip-tilt adjustment of M1 is employed for making linear vertical fringe pattern with a
suitable fringe spacing. CL1 and CL2 are cylindrical lenses for focusing the pattern in the vertical direction to attain higher intensity contrast. The inset shows resulted linear
fringe pattern at the exit plane of the CL2. PD1, PD2 and PD3 are photodiodes that are measuring the intensity at the points 1, 2, and 3 depicted in the inset figure.
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the transmission line bandwidth via the well-known relation,
faw = 27RrC))™" with Cj ~ 6 pF [18] as the junction capacitance
of employed photodiodes.

In Fig. 13 the results of a typical measurement of the loud-
speaker vibration are presented. The amplitude derived from the
proposed fringe chasing method is 49.66 pm, which is in good
agreement with the fringe counting result. We counted about
316 complete fringes beating between two successive large-
period regions of the signal, which corresponds to a
316 x /2 =99.98 um distance between two extremums of the
vibration or 49.99 um of the amplitude. Data acquisition rate
was 25 MS/s. The transmission bandwidth was 2.68 MHz using a
10 kQ termination resistor parallel with the oscilloscope input
impedance (1 MQ). In (a) and (b) detected signals and calculated
fringe phase in a time interval of 0.01 s are shown. In (c) and (d)
the same parameters are shown for a smaller time interval of 2
ms respectively. The histogram of the phase increments is shown
in (e). Existence of un-occupied regions in the histogram, guaran-
tees a precise reconstruction of the motion, (f).

In Fig. 14, the results of the same experiment of Fig. 13 with a
termination resistor Rr = 100Q are shown. Here, although the
bandwidth is a very high value of 0.265 GHz, the signals are very
weak and comparable to the noise. So despite of the very high data
acquisition rate, the calculated phase values at each step of data
acquisition period is randomly distributed (b). The histogram (c)
has also no un-occupied region.

As a real life application of the proposed method, vibrational
characteristics of the mounted gain medium of a thin disk laser
which can be impinged with the cooling water flow was measured.
The disk is mounted on a robust metal mount. Fig. 15 shows the
system response to a mechanical impulse in the absence of
the water flow. The impulse was exerted on different points of
the system and the out-of-plane vibration of the disk was
measured. Data acquisition rate and time interval were 50 kS/s
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Fig. 13. Measurement of a loudspeaker motion vibrating with f = 200 Hz. (a) and
(b) are respectively the signals detected and the fringe phase calculated in a time
interval 0.01 s, (c) and (d) are the same parameters, but for a smaller time interval 2
ms, and (e) and (f) are phase increments population histogram and reconstructed
motion, respectively. The transmission line bandwidth was 2.68 MHz by using
10 kQ termination resistor parallel with the oscilloscope 1 MQ input resistor.
Wavelength of the probe beam was 632.8 nm.
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Fig. 15. Determination of the impulse response of the mounted disk, when the
impulse was exerted on the middle point of the system and data acquisition rate is
50 kS/s within a 10s time interval. (a) and (b) are respectively the signals and
calculated phase, (c) is the histogram of the phase increments, (d) shows the fast
Fourier transform of the motion (d), and (f) shows the motion waveform in a shorter
time interval 4 s.

and 10s, respectively. As it appears from the histogram of the
phase increments, (c), there are population-free regions that guar-
antee validity of the reconstruction. (d) and (f) show the damping
of the oscillation for a 10 s 4 s time intervals, respectively. From the
fast Fourier transform of the motion waveform (e), a value of
~30Hz for the natural vibration frequency of the system is
obtained. The damping coefficient of the system can also be
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Fig. 16. Reconstructed motion or the system response (a) to an out-of-center
impulse and corresponding spectrum (b). All parameters are same as the case of
Fig. 15.
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Fig. 17. Measurement on the mounted disk system in the presence of the water
flow. (a) recorded signals, (b) reconstructed phase of motion for a 0.1s time
interval, (c) waveform of motion for a 4 s time interval, (d) spectrum of the motion.

calculated from the data. The system response to a non-symmetric
impulse was also measured. Reconstructed motion and corre-
sponding spectrum are shown in Fig. 16.

Results of the measurement on the disk system in the presence
of the water flow are presented in Fig. 17. Recorded signals and
wrapped phase of motion are illustrated respectively in (a) and
(b) in a 0.1 s time interval. Waveform of the motion for a 4 s time
interval is shown in (c). In (d) the spectrum of the motion is pre-
sented. On the spectrum there is a high peak at 29 Hz that corre-
sponds to the intrinsic vibration frequency of the mounting

system. The small peak around 100 Hz can be originated from
the pressure fluctuation of the water pump.

8. Conclusions

Formulation, simulation, and experimentally verification of
implementing a fringe chasing method based on three-point SPS
for large-amplitude vibration measurements on the HoLDV was
presented. By the aid of fringe chasing method, the deficiency of
the HoLDV in the discrimination of the motion direction is
removed. Furthermore, the effect of detectors positioning errors
and finite diameter of the interfering beams were discussed and
quantified. From the phase increments histogram, the adequacy
of the data acquisition rate and measurement bandwidth was
determined. It was shown that for typical misplacement of each
of detectors equal to +0.1A, equivalently a 0.2A un-equlity in
the inter-detectors distances, cannot lead to more than 2% PV/A
distortion in the reconstructed motion. We also used the phase
increments histogram as a key for the selection of the phase
unwrapping tolerance value in three-point SPS method.
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